) on snow surface at the study sites. On Qaanaaq Glacier (an outlet glacier of Qaanaaq Ice Cap) impurity abundance was greatest at mid-elevations, with fewer impurities at upper and lower sites. Surface reflectivity was lowest in the mid-elevation area, suggesting that impurities substantially reduce ice surface albedo at mid-elevations on glacier surfaces. Organic matter content in the impurities ranged from 1.4 to 12.0% (mean: 5.4%) on the ice and from 3.2 to 10.6% (mean: 6.7%) on the snow surface. Microscopy revealed that impurities in the ice areas mainly consisted of cryoconite granules, which are aggregations of mineral particles, filamentous cyanobacteria and other microbes and organic matter, while those in snow areas consisted of mineral particles and snow algae. Results suggest that the spatial variation in the abundance of impurities is caused by supply of mineral particles both from air and ice, and microbial production of organic matter on the glacier surface.
Introduction
The Greenland Ice Sheet, the second largest continuous body of ice in the world, has been recently reported to be losing mass (e.g. Rignot et al., 2008) . Increased surface melting is a significant factor in the mass loss and is likely caused by temperature rise and reduction of surface albedo (Box et al., 2012; Tedesco et al., 2011) . Studies have revealed that the surface albedo of the Greenland Ice Sheet varied spatially, in particular, a part of the bare ice surface appeared to be particularly dark. That area is referred to as the dark region and is particularly prominent in the middle-west Greenland (Wientjes and Oerlemans, 2010) . The dark surface appeared every melting season and extended 20-40 km in wide from 66ºN to 71ºN. The surface is likely to experience greater melt because the dark-colored surface can absorb more solar radiation compared with the relatively clean ice. The possible causes of the surface darkening on the Greenland Ice Sheet are impurities on the ice such as black carbon, mineral dust, and organic matter. Black carbon is derived from anthropogenic sources such as incomplete combustion of fossil-fuels and also from natural sources such as forest fire (Chýlek et al., 1995) . Mineral particles are transported by wind from local or distant arid terrestrial surfaces, and deposited on the glaciers (e.g. Bøggild et al., 2010) . Organic matter is derived from photosynthetic microbes living on snow and ice on glaciers, such as snow algae and cyanobacteria (e.g. Yallop et al., 2012) . Mixtures and/or aggregates of these biotic and abiotic impurities on glacial ice are called cryoconite. In bare ice area of glaciers, cryoconite is often deposited at the bottom of cryoconite holes, which are cylindrical pits formed on bare ice surface. Areal coverage of the holes on polar glaciers is usually small (e.g. less than 7%, Hodson et al., 2010) , thus, their effect on surface melting is limited. However, on some parts of glaciers, cryoconite is not only deposited in the holes but also spreads out on the glacial surface, and has a significant impact on the surface albedo (e.g. Gajda, 1958) . The impact is greater on glaciers in Asian high mountains because a large amount of cryoconite often covers the entire glacier surface (Takeuchi et al., 2001b; Takeuchi and Li, 2008) . Cryoconite usually contains substantial amounts of dark-colored organic matter (humic substances), which are effective albedo-reducers (Takeuchi et al., 2001b; Takeuchi, 2002b) . Furthermore, Article 86 pigmented green algae grown on the snow and ice surface could also contribute to the albedo reduction (Takeuchi, 2013; Yallop et al., 2012) . The dark ice surface of the mid-western Greenland Ice Sheet is probably caused by dispersed cryoconite on the ice. Analyses of the cryoconite collected from the dark region have revealed that they contained mineral particles and snow algae, thus, these two components are likely to play a major role in darkening the surface (Wientjes et al., 2011; Yallop et al., 2012) . Their abundance and composition may vary spatially according to the physical and chemical conditions of glacial surface (Stibal et al., 2012a) . However, knowledge of spatial variation in cryoconite abundance on the Greenland Ice Sheet is still limited, particularly between different ice sheet areas. Furthermore, their sources and quantitative effect of each constituent are still unknown This paper aims to describe the spatial variations and characteristics of impurities on snow and ice in northwest Greenland. In this study, surface impurities were collected from snow and ice surfaces on an ice cap and an outlet glacier of the Greenland Ice Sheet. The abundance and characteristics of the impurities were analyzed in a laboratory. The effect of impurities on the surface albedo is discussed in the ice and snow area respectively.
Study site and methods
The investigation was carried out on the Qaanaaq Ice Cap and Tugto Glacier in northwest Greenland (Fig. 1,  2 (Uetake et al., 2010) . This study focuses on spatial variations in impurities at a wider spatial scale than Uetake et al.ʼs (2010) work, and also includes temporal shifts between 2007 and 2012. Tugto Glacier (an outlet glacier from the Greenland Ice Sheet, also northwest Greenland) was also selected for transect sampling. The glacier flows southward and terminates at the peninsula of Qaanaaq Ice Cap. The terminus of the glacier touches an outlet glacier of the Qaanaaq Ice cap. Surface ice/snow sampling was carried out at 8 sites on Qaanaaq ice cap, 5 sites on Tugto Glacier and one site on an ice cap in the north of the peninsula ( Fig. 1a and b) . On Qaanaaq Glacier (QN), six sites (QN1-QN6) were accessed by foot from Qaanaaq village. Two further sites, one further West (QW) and one further North on Qaqurtaq Glacier (QQ) were accessed by boat and then on foot. On Tugto Glacier (TU), one site was accessed by boat then on foot (TU1) while the rest (TU2-TU5) were accessed by helicopter. The site on the other ice cap in the north of the peninsula was also accessed by helicopter.
The firn line at this time was approximately 1,000 m a.s.l. in this area, which was between collection sites QN5 and QN6 or TU3 and TU4. Hence, the surface condition of the sampling sites was snow at 3 sites (QN6, TU4, TU5), and bare ice at the other 9 sites. Red snow was visible during the study period in the snow area around 1,000 m a.s.l., including QN6, and TU4.
Five or four samples were collected from randomly selected surfaces at each study site. Surface ice/snow from 15 15 cm areas and 1-3 cm depth was sampled using a stainless-steel scoop. The precise dimensions of each sample area were recorded to calculate the abundance of impurities per unit area. The cryoconite holes, where the substantial amounts of impurities were deposited, were excluded in the collection since areal coverage of cryoconite holes was small (less than 5%). The collected samples were melted and preserved as a 3 % formalin solution in 30 ml clean polyethylene bottles to fix biological activity. All samples were transported to Chiba University, Japan for analysis. In the laboratory, the samples were dried (60ºC, 24 hours) in pre-weighed crucibles. The amount of cryoconite per unit area of the glacier was obtained from the dry weight and the sampling area. Then, the dried samples were combusted for 1 hour at 500ºC in an electric furnace, and weighed again. The amount of organic matter was obtained from the difference in the weight between the dried and combusted samples. After combustion, only mineral particles remained. The composition of impurities was examined with an optical microscope (Leica MZ-12, Germany and Olympus BX51, Japan). Size of particles (longest diameter) contained in the impurities larger than 20 µm was manually measured on digital photographs with an imageprocessing application (Image J, National Institutes of Health, USA).
To evaluate the effect of impurities on surface albedo on Qaanaaq Ice Cap, a Landsat satellite image (Enhanced Thematic Mapper Plus (ETM+) of Landsat 7) acquired on 18 July, 2012 was analyzed. Band 1 reflectivity (wavelength range: 0.450-0.515 µm) of the image, which is sensitive to impurity abundance on snow and ice, was used in this study (Fig. 3 ).
Results

Abundance of impurities on the glacier surface
The abundance of impurities ranged from 0.36 to 119 g m -2 (mean standard deviation: 18.8 21.6 g m -2
) on the bare ice surface and from 0.01 to 8.7 g m -2 (3.6 2.9 g m -2
) on the snow surface of the study sites (Fig. 4a ). There was no significant difference in the abundance between the Qaanaaq Ice Cap and Tugto Glacier. The abundance of impurities in the ice area was 14.3 10.1 and 29.4 39.5 g m -2 for the Qaanaaq Ice Cap and Tugto
Glacier, respectively (student t-test, t=-0.656, P=0.579 >0.05). Those in the snow area were 6.7 1.8 and 0.77 0.45, respectively. The abundance of impurities on the Qaanaaq Glacier was greater in the middle part than in the lower and upper snow areas (Fig. 4a ). The greatest abundance was at the site QN4 (32.7 g m -2
), and those at the lower three sites were smaller (1.24-14.7 g m -2
), with the lowest ) near the terminus at site QN1. Abundance between the sites was significantly different (one-way ANOVA: F=2.62, P=0.000<0.01). Impurity abundance was also significantly different on Tugto Glacier (one-way ANOVA: F=2.93, P=0.000<0.01). In terms of altitudinal variation, TU2 showed the greatest abundance (74.9 g m -2
) while those near the terminus (TU1) and in the upper bare ice zone (TU3) were lower (3.6-9.8 g m -2
). In the snow area abundance was lower still (TU4 and TU5, 0.0-1.5 g m -2
). The lower of the snow area sites showed greater impurity abundance (TU4: 1.54 g m -2 ) than the higher (TU5: 0.01 g m -2 ).
The standard deviations of the mean abundance at each study site were generally larger in the ice areas than in the snow area, indicating heterogeneous distribution of the impurities on the ice surface. The mean standard deviations in the ice areas were 8.3 and 17.2 g m -2 on Qaanaaq Ice Cap and Tugto Glaciers, respectively, and those in the snow area were 1.8 and 0.4 g m -2
, respectively. The standard deviations in the ice areas were higher on Tugto Glacier than on Qaanaaq Glacier, indicating that distribution of the impurities on Tugto Glacier was more heterogeneous. Cryoconite holes were observed at all of the bare ice sites on both Qaanaaq Ice Cap and Tugto Glacier. Darkcolored cryoconite was deposited at the bottom of the holes and was similar in composition, morphology and coloration, to those on the surface impurities. The areal coverage of the holes on the glacial surface appeared to vary among the studied sites (roughly 1-5%) although it was not quantified in this study.
Composition of the impurities
The organic matter contents of the impurities ranged from 1.4 to 12.0% (mean SD: 5.4 1.5%) in the ice area, and from 3.2 to 10.6% (6.7 2.6%) in the snow areas of the study sites (Fig. 4b) . It was slightly greater on Tugto Glacier than on the Qaanaaq Ice Cap. Those on bare ice ranged from 2.2 to 12.0% (6.5 1.6%) on Tugto Glacier and from 1.4 to 8.6% (4.8 1.9) on the Qaanaaq Ice Cap. The organic matter content at site TU4, where red snow was visible, was highest among the study sites (9.1%). On Qaanaaq Glacier, organic matter contents were highest at mid-elevations (QN2 and QN3, 6.7%), smallest at the lowest site (QN1, 3.0%), and intermediate at upper sites (4.3-4.8%, QN4-6). The lowest organic matter content in all of the study sites was observed at the northeast site (QQ) of the ice cap (1.8%). Microscopy of the impurities in bare ice areas consisted of mineral particles, snow algae, and darkcolored cryoconite granules (Fig. 5 ). These components appeared to be almost same among the study sites in the ice area. The mineral particles were brown, white, or transparent in color and approximately 30-20 6 µm (mean: 86 µm) in diameter. Snow algae contained in the samples of the ice areas were mainly unicellular green algae and sized 20-50 µm. The algae consisted mostly of Ancylonema nordenskioldii, which is a common taxon in the Arctic (Fig. 6d) . The cryoconite granules were usua lly black , a nd 14 0 -6 3 0 µm (mea n : 4 0 0 µm) in diameter (Fig. 5) due to the presence of living and dead filamentous cyanobacteria and mucus with high cohesive and albedo lowering potential. Cryoconite granules represented the main component of the impurities in the ice area. At least two taxa of cyanobacteria were ident if ied based on t heir mor pholog y. One was Oscillatoriaceae cyanobacterium with a thin filament (approximately 1.4 µm in diameter, Fig. 6a ) the other was Calothrix parietina (approximately 8.0 µm in diameter, Fig. 6b ) with thick brown sheath. Cryoconite granule morphologies were somewhat distinct between Qaanaaq Ice Cap and Tugto Glacier sites. The granules on Qaanaaq Ice Cap were generally spherical shapes and dominated by Oscillatoriaceae cyanobacterium while those on the Tugto Glacier tended to be irregularly shaped and dominated by Calothrix parietina. In terms of color of the cryoconite granules, those at site QQ were distinctive from other ice surfaces. They appeared to be reddish whereas those on the other ice surfaces were black (Fig. 5) . Impurity composition on the snow surfaces differed from those on the ice surface (Fig. 5) . Impurities on the snow consisted of mineral particles and red snow algae (Chlamydomonas nivalis, Fig. 6c ). The red snow algae were observed in the snow surfaces at sites QN6, TU4, and IC.
3.3 Satellite derived reflectivity on the glacier surface The Landsat 7 satellite image showed that surface reflectivity varied across the Qaanaaq Ice Cap (Fig. 3) . 
Discussion
Sources and formation process of impurities
Components of impurities on the ice surfaces of Qaanaaq Ice Cap and Tugto Glacier were consistent with previous reports of cryoconite material on the Greenland Ice Sheet. According to earlier reports (e.g. Gerdel and Drouet, 1960) , cryoconite (sediment of cryoconite holes) consists of mineral particles, snow algae, and aggregates of biotic and abiotic matter (cryoconite granules). Although cryoconite has often been used only as discrete aggregates of biotic and abiotic matter, we refer to it as total impurities on glaciers in this paper. The previous reports on cryoconite are mostly from southwest (Russell Glacier) and northwest (Thule area) areas of the Greenland Ice Sheet. This study showed that a small ice cap (Qaanaaq Ice cap) and an outlet glacier in the northwest Greenland are covered with cryoconite of similar composition to the other parts of the Greenland Ice Sheet. The components suggest impurities are mostly wind and melt-out derived mineral particles, and organic matter produced by microbes on the glaciers. A large amount of mineral particles on the snow surfaces at sites QN6 and TU4, indicates that abundant mineral particles are supplied on to both Qaanaaq Ice Cap and Tugto Glacier by wind from local or distant sources. Abundant large-sized mineral particles on the snow areas (30-206 µm) suggest that dust from local sources is dominant. A portion of the mineral particles in the ice areas may be supplied from glacial ice. They are originally windblown particles deposited on the accumulation area of the glaciers in the past, and/or outcropping dust from the basal bed rock. They have been transported by glacial ice flow, and appeared on the surface as the ice melted. Such ice-derived mineral particles formed stripes of several meters in width and several kilometers in length on the ice surface of both Qaanaaq Ice Cap and Tugto Glacier (Fig. 2) . These dark patterns were due to relatively abundant impurities, but were not associated with any supraglacial streams or glacial flow lines. Therefore, the features are unlikely to be formed only by relocation of impurities with glacial surface process, but to be formed by supply of mineral particles from mineralrich layers of the glacial ice. In bare ice areas, microscopy revealed impurities to be dominated by cryoconite granules and snow algae, rather than mineral particles despite organic matter contents being just 3-12% of dry weight. This inconsistency between microscopy and organic matter contents is due to the much lower density of organic matter compared to minerals. Abundant cyanobacteria and snow algae in the impurities suggest that most of the organic matter in the impurities resulted from accumulation of photosynthetic biomass. Significant microbial production has been reported in other areas of Greenland Ice Sheet Yallop et al., 2012; Hodson et al., 2010) . Therefore, microbial production on the study glaciers is also likely to be similarly significant and to play a role in the formation of impurities on the ice areas. Variations in characteristics of cryoconite granules among the study sites are probably due to microbial communities and/or mineral compositions. The granules on Qaanaaq Ice Cap were generally spherical shapes while those on the Tugto Glacier tended to be more irregular (Fig.5) . The microscopy revealed that those on Qaanaaq Ice Cap were entangled with thin filamentous cyanobacteria (Oscillatoriaceae), but those on the Tugto Glacier were entangled with thick filamentous cyanobacteria (Calothrix parietina). The difference in dominant taxon of cyanobacteria may physically affect formation of the granules, and control their shape. The other remarkable variation of cryoconite was observed in its coloration. Most of cryoconite on Qaanaaq Ice Cap and Tugto Glacier was dark-colored (black), while that at the site QQ was reddish (Fig. 5) . Since microscopy revealed that the cryoconite of site QQ contained abundant red-colored mineral particles, the color is likely to be due to the minerals, which probably originated from nearby exposed rock faces and deglaciated land. Components of impurities on snow surfaces suggest that they are mostly derived from windblown mineral particles and snow algae. As mentioned above, the mineral particles appeared to be derived mostly from local deglaciated land. The snow algae contained in the impurities are mostly red-pigmented spherical cells of Chlamydomonas nivalis, which is a well-known taxon commonly observed on snow surfaces in the Arctic. The analyses showed that amounts of organic matter in the impurities in the snow areas were comparable to those in the ice area (7.3% versus 5.3%, respectively). Most of the organic matter is probably produced by the snow algae.
4.2 Spatial variations of impurities and effect on surface albedo Results showed that the maximum abundance of impurities was slightly greater on Tugto Glacier than Qaanaaq Ice Cap, but no statistically significant difference was observed between impurity abundances in the bare ice areas. Organic matter content was also not significantly different between the glaciers. Similar abundance and organic matter contents suggest that supply and formation processes of the impurities are common to both a small ice cap and the main ice sheet in this area. On the other hand, significant altitudinal variations in the abundance and organic matter contents of the impurities were apparent on both Qaanaaq and Tugto Glaciers. Results showed that impurities were more abundant in the middle areas compared with lower and upper areas of the glaciers. The organic matter content in the impurities also showed similar altitudinal trends on both of glaciers. The satellite image consistently showed lower reflectivity in the middle part of the Qaanaaq Glacier, and that similar altitudinal trend is further observed in the all of the ablation area of the Qaanaaq Ice Cap, particularly in the southwest. Since the reflectivity was not calibrated with surface slope angles, their variations may have resulted from slopes as well as impurity content. However, the negative relationship between impurity abundance and the reflectivity suggest that the variation in the reflectivity is likely to be mainly due to the impurity abundance, at least in the southwest site of the ice cap. Thus, this altitudinal trend is likely to occur commonly on the glaciers in this region. The dark region identified in the southwest Qaanaaq Ice Cap is consistent with previous observations of dark midablation zones on the wider Greenland Ice Sheet (Wientjes and Oerlemans, 2010) . The reason impurities were more abundant in the middle area of the glaciers is uncertain. The distribution may be explained by supply and removal processes of mineral particles and/or biological process of cryoconite formation (e.g. Stibal et al., 2012b) . As discussed in the previous subsection, dust supply from mineral-rich layers in the ice may result in such spatial variation. Slope of the glacier surface is also a possible cause since impurities on the steeper surface may be washed and removed easily by running melt water on the surface. However, measurement of surface slopes showed that they were not consistent with the altitudinal variation in the impurities. Formation and evolution of ice surface structures such as cryoconite holes and weathering crust may also affect the variation (e.g. Müller and Keeler, 1969; IrvineFynn and Edwards, 2014) . The ice surface where cryoconite holes and weathering crust developed would be covered with smaller amounts of impurities since they could be aggregated and deposited at the bottom of the holes. On the other hand, the ice surface where cryoconite hole cannot form would be covered with more abundant impurities since they would remain scattered on the ice surface. Factors prohibiting hole formation could be energy balance, i.e. dominance of sensible and/or latent heats in the total net heat flux to the glacier surface while factors developing holes could be dominance of short-wave and/or long-wave radiations (McIntyre, 1984) . Altitudinal variations in the microbial production rate and/or those in algal communities also could affect the variation. Significant positive carbon flux by the microbes was observed on the ice surface and the higher production rate may cause larger storage of organic matter on the ice surface Hodson et al., 2010; Anesio et al., 2009 ). Since cryoconite granules, which are the main components of the impurities on the ice area, are formed by entanglements of filamentous cyanobacteria, their distribution could also result in abundant cryoconite in the area. Smaller amounts of impurities in the upper area may be due to smaller biomass of snow algae, which is commonly observed on glaciers and results from physical conditions such as shorter duration of melt season (e.g. Takeuchi, 2001) . To understand which factors determine the abundance of impurities, further studies are necessary. Although impurity abundance on the snow surface of the highest site of the Tugto Glacier (TU5, elevation: 1257 m) was very low (0.01 g m ), indicating that abundance of impurities on the snow surfaces are greater in the lower area, particularly in the area from the firn line up to approximately 1,100 m a.s.l. during the study period in this region. The organic matter contents in the impurities in the lower snow area (4.29-9.13%) were comparable to those in the ice area, suggesting that red snow algae are likely to be main constitution of the impurities. Red snow algae has been commonly observed on polar glaciers and they often bloom in the area closed to the firn line (e.g. Takeuchi, 2013; Takeuchi et al., 2006a) , which is consistent with the observation in this study. Thus, the bloom of red snow algae may largely control the spatial distribution of impurities in the snow surface on the glaciers. The greater abundance of impurities on snow and ice is likely to enhance the melting of the glacier surface by reducing albedo. Observation of melt rates on the Qaanaaq Glacier in 2012 revealed that they were clearly influenced by dark-colored impurities covering the ice surface (Sugiyama et al., 2014) . According to the report, the positive degree-day factors observed on the glacier ranged from 5.44 to 5.45 mm w.e. K -1 d -1 in the lower area including sites QN1 and QN2, while from 6.74 to 8.26 mm w.e. K -1 d -1 in the middle area including sites QN3, QN4, and QN5. This indicates that the melt rate in the middle area was enhanced from 1.2-to 1.5-fold higher by the impurities compared with the lower area covered with less impurities. As compared with the previous report on the Qaanaaq Glacier (Uetake et al., 2010) , the impurity abundance in this study is comparable to those in 2007, indicating no temporal changes in the five years from 2007 to 2012. Thus, the melt rate enhancement by the impurities has likely persisted over several years on the glacier. To evaluate the future change of mass balance of the glaciers, determination of factors that affect the abundance of impurities is important.
Comparison with other regions
The abundance of impurities on glaciers in the northwest Greenland revealed in this study were comparable to those on the other glaciers in polar or subpolar regions. For examples, the abundances on the ablation surfaces have been reported to be 1.14 1.60 g m -2
for Canadian Arctic, 23.0 13.3 g m -2 for Alaska, and 38.8
25.6 g m -2 for Patagonia (Fig. 7 , Takeuchi et al., 2001a; Takeuchi 2002a; Takeuchi et al., 2001c) Takeuchi et al., 2006b; 2001b; 2005; Takeuchi and Li, 2008) . This indicates that the effect of impurities on the surface albedo was smaller than those of Asian glaciers. The altitudinal variation in the impurity abundance on Qaanaaq and Tugto Glaciers is also distinct from many other glaciers. Generally, surface impurities or debris on ablation surfaces are more abundant in the lower part or near the terminus of the glacier because mineral particles are mainly supplied from ground surfaces downstream of the glacier and concentrated at the surface layer as glacier ice melts. For example, surface reflectivity of mountain glaciers in Asia and Europe generally decreases as elevation decreases (e.g. Bai and Yu, 1985; Brock et al., 2000; Klok et al., 2003) . However, impurities on Qaanaaq and Tugto Glaciers were more abundant in the middle area than in the lower area. Although the process to determine this distribution is still uncertain, this pattern is one of the distinctive features of glaciers in this area.
Conclusions
Analysis of impurities on glaciers in northwest Greenland revealed that those on the ice surfaces consist of mineral particles, snow algae, and aggregations of cyanobacteria and other materials (cryoconite granules), and that those on the snow surface mainly consist of mineral particles and red-pigmented snow algae. These components suggest that impurities are mostly derived from mineral particles from air and/or ice, and from organic matter produced by microbes on the glaciers. Results showed that abundance of the impurities varied spatially. The abundances were greater in the middle parts compared with in lower and upper parts of the glaciers. The middle parts of the glaciers, where the greater abundance of impurities was observed, corresponded to the surface of relatively low reflectivity in a satellite image, and also to the surface where relatively larger positive degree day factors were measured. This suggests that the impurities in the middle parts are likely to enhance the melting of the glacier surface by albedo reduction. Comparison of impurities on the surface among a number of glaciers in the world showed that the abundance in the studied glaciers was comparable to those on polar and sub-polar glaciers, but smaller than those on Asian mountain glaciers, probably due to less supply of mineral particles and lower microbial production rate. However, changes in physical conditions of glaciers due to climate warming, such as expansion of bare ice area, melt snow surface, and length of melt season, may affect abundance and distribution of impurities on the glaciers. Further studies are necessary to understand the process of mineral dust supply and cryoconite formation.
